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Spectral dependence of the pseudodielectric function E=1E+ i2E as well as of the complex
refractive index, extinction coefficient, absorption coefficient, and normal-incidence reflectivity of
Cu2In4Se7 and CuGa3Se5 ordered vacancy compound crystals are modeled in the 0.8–4.4 eV
photon energy range using a modification of Adachi’s model T. Kawashima et al. J. Appl. Phys. 84,
5202 1998 for optical properties of semiconductors. Model parameters are determined using the
acceptance-probability-controlled simulated annealing method. Excellent agreement with
experimental data is obtained; the relative errors for the real 1 and for imaginary 2 part of the
dielectric function are equal to 0.9%–1.5% and 3.2%–4.1% for the studied compounds. © 2007
American Institute of Physics. DOI: 10.1063/1.2409608
I. INTRODUCTION
Chalcopyrite-type semiconductor compounds are supe-
rior materials for thin film photovoltaic cells. Laboratory
cells based on CuIn1−xGaxSe2 have demonstrated an effi-
ciency up to 19.3%.1 Recent studies showed the existence of
CuIn3Se5 as a segregated secondary phase at the surface of
the In-rich CuInSe2 thin films. Such layer is expected to play
an important role in the performance of the high efficiency
CuIn1−xGaxSe2-based solar cells. 2,3 The Cu2In4Se7 I247
and CuGa3Se5 G35 belong to the I-III-VI family of Cu-
deficient defect ternary semiconductor compounds with or-
dered vacancies. These compounds, called ordered vacancy
compounds OVCs or ordered defect compounds, attract a
lot of attention as the perspective materials for application
both in high efficiency photovoltaic devices and in nonlinear
optics. Therefore a detailed study of their various physical
properties is necessary in order to develop efficient devices.
However, so far most of the characteristics of OVC have not
been studied in depth. Only some optical properties, mainly
the band gaps Eg of Cu2In4Se7 and CuGa3Se5 thin films4,5
and bulk samples6–10 have been reported so far.
Spectroscopic ellipsometry SE is recognized as a
highly suitable method to determine dielectric functions of
semiconductors over a wide energy range. These functions
are related to the electronic band structure and can be used as
a powerful source of the experimental information on the
latter.11 Recently, ellipsometric investigations of Cu2In4Se7
and CuGa3Se5 crystals have been reported.12 The main aim
of this work is to model the optical constants of Cu2In4Se7
and CuGa3Se5.
Cu2In4Se7 and CuGa3Se5 have been grown by the Bridg-
man B method. Compositional measurements were carried
out by energy dispersive x-ray microanalysis EDAX.
Samples used for the optical study show some deviation
from stoichiometry Table I. Experimental details concern-
ing the structural analysis and SE measurements are given in
Ref. 12.
II. THEORETICAL MODEL
Two different methods are usually used to analyze in
detail the observed structures of the dielectric function,
namely, fitting the numerically differentiated experimental
spectrum to analytical line shapes11,13 and modeling of mea-
sured E spectra, using interband transitions models.14–16
In our paper main attention is paid to the latter. The former
has been used for our compounds in Ref. 12 and the obtained
values of the transition energies will be presented to compare
the results of both methods.
aElectronic mail: maximo.leon@uam.es
TABLE I. Data on compositional measurements of samples studied carried
out by EDAX.
Samples*
Cu
at. %
In or Ga
at. % Se at. %
In/Cu or
Ga/Cu Se/Cu
Cu2In4Se7I247/B 16.6 31.1 52.3 1.9 3.1
CuGa3Se5G35T/B 13.1 34.55 52.35 2.6 4.0
CuGa3Se5G35B/B 12.7 35.08 52.22 2.8 4.1
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Adachi’s model dielectric function has been successfully
applied to model the dielectric function as well as the optical
constants of III-V and I-II-VI2 compounds.14–16 The complex
dielectric function as a function of energy E= is de-
scribed by the sum of terms corresponding to one-electron
contributions at critical points E0 =A ,B ,C and E1 
=A ,B, 0E and 1E, and an additive constant a,
E = 0E + 1E + a . 1
The E0 =A, B, and C gaps in chalcopyrite crystals
were assigned to the three-dimensional 3D M0 critical
point. Assuming that the valence and conduction bands are
parabolic and using the Kramers-Kronig transformation, the
contribution of these gaps to 0E can be written as
0E = 
=A,B,C
A0E0
−3/2f0 ,
with
A0 = 4/33/203/2P0
2
,
f0 = 0−22 − 1 + 01/2 − 1 − 01/2 , 2
0 = E + i/E0.
In Eq. 2 0 is the combined density-of-states mass, P20 is
the squared momentum-matrix element, and  is the damp-
ing energy of the E0 gap. It is worth mentioning that nor-
mally, one should calculate the separate contributions from
E0 =A, B, and C critical points according to Eq. 2, but
in our case, splitting among these critical points is not ob-
served, and E0 has been treated as a single degenerate one.
Contributions of the two-dimensional 2D M0 critical points
E1 are given by Adachi’s model,15
1E = − 
=A,B
B11
−2 ln1 − 1
2 ,
with
1 = E + i1/E1, 3
where B1 and 1 are the strengths and damping constants
of the E1 transitions, respectively.
Djurisic et al.17 have proposed the acceptance-
probability-controlled simulated annealing APCSA algo-
rithm to obtain the model parameters. It is known that all
fitting routines based on classical optimization algorithms,
such as Levenberg-Marqardt or simplex algorithms, require
initial parameter values close to the final ones to provide a
meaningful solution and it is usually hard to provide good
initial values for adjustable parameters of the model. There-
fore, to determine accurately the model parameters, one
should employ a global optimization routine, such as a simu-
lated annealing algorithm employed in Ref. 17. Djurisic and
Li16 have modeled the optical constants of hexagonal GaN,
InN, and AlN using Adachi’s model and obtained good
agreement with experimental data. Model parameters are de-
termined using the APCSA algorithm through minimizing
the following objective function:
F = 
i=1
N  1Ei
1
exptEi
− 1 +  2Ei
2
exptEi
− 12, 4
where the summation is performed over the available experi-
mental points and 1
exptEi, 1Ei 2
exptEi, and 2Ei are,
respectively, the experimental and calculated values of the
real and imaginary parts of complex dielectric function at
point Ei.
III. RESULTS AND DISCUSSIONS
The real 1E and imaginary parts 2E of the
pseudodielectric function E=1E+ i2E for Cu2In4Se7
and CuGa3Se5 crystals are shown in Figs. 1a and 1b. The
structures observed in the E spectra are attributed to in-
terband critical points CP’s, related to regions of the band
structure with large or singular point electronic density of
states.
We have applied Adachi’s model and APCSA algorithm
to our SE data analysis. Figures 1a and 1b show the real
and imaginary parts of the dielectric functions of I247/B,
G35B/B, and G35T/B as a function of the energy. The solid
circles represent our experimental data,12 while the solid
lines show the dielectric function calculated using Adachi’s
model. Excellent agreement between our calculations and
experimental data can be observed. As an indication of ac-
curacy with respect to experimental values, the relative er-
rors have been calculated. These values are, respectively,
about 0.9%–1.5% and 3.2%–4.1% for the real and imaginary
parts of the dielectric functions for the studied compounds.
The model parameters A, B, E0, E1A, E1B, and  calcu-
lated using APCSA algorithm are given in Table II. The val-
ues of E0, E1A, and E1B are in a good agreement with those
obtained from an analysis of the numerically derived
d2E /d2 Table II.12 The lowest value of E0, observed
in the region below 2 eV of CuIn3Se5, corresponds to its
fundamental energy gap E0=Eg. A second E1A and third
energy thresholds E1B appear in the region between 2 and
4.5 eV. The fit-determined E0 and E1 values, together with
their related strength and broading parameters, are listed in
Table II. The resulting analytical lines from the fits of the
experimental data in Figs. 1a and 1b have been obtained
considering CP’s of the three-dimensional-type 3D in the Eg
region and of the type 2D in the E1 region. It is worth men-
tioning that reasonable agreement can be achieved between
experimental data and calculated curves.
FIG. 1. Real 1 and imaginary 2 parts of the dielectric function vs
energy for a Cu2In4Se7 I247/B and b CuGa3Se5 G35B/B and G35T/B
crystals.
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Band structure calculation needed to perform identifica-
tions of the observed energy transitions is not available for
Cu2In4Se7 and CuGa3Se5. Identifications of the observed en-
ergy have been done taking into account the CuInSe2 and
CuGaSe2 band structure calculations. As it has been estab-
lished for such compounds, the main transitions contributing
to E occur at the Brillouin zone BZ center fundamental
gap at  and at the N and T points in the BZ edge predomi-
nant upper transitions.19 The energy threshold of the funda-
mental absorption edge E0=Eg corresponds to direct transi-
tion from the valence band maximum to the conduction band
minimum at the center of the BZ G point. Our obtained
values of Eg=1.125 for I247 and 1.85 eV for and G35 at
room temperature Table II are in a reasonable agreement
with those obtained from the optical measurements.4–10 The
variation in the reported values of the band gap of OVC can
be attributed to the compositional change. The chalcopyrites
and OVCs usually exhibit high tolerance to deviations in
stoichiometry. In fact, CuInSe2 shows band gap values rang-
ing from 0.94 to 1.04 eV. In the region of 2.5–4.6 eV two
transitions for I247 and G35 named as E1A and E1B have
been observed. They can be attributed to transitions at the N
point in the BZ following Refs. 18 and 19, where ellipsomet-
ric data on CuInSe2 and CuGaSe2 were analyzed. The energy
separation between these two transitions corresponds to the
crystal-field splitting of the valence band at the N point. The
differences in energy E1A−E1B are about 1.25 and
1.45 eV for G35 and I247, respectively. The value of about
0.8 eV was reported for CuInSe2 and CuGaSe2 crystals.18,19
Optical parameters, namely, the complex refractive in-
dex n*=n+ ik, normal-incidence reflectivity R and the ab-
sorption coefficient , can be obtained from the present
study in the form of practical functions, since they are di-
rectly related to the complex dielectric function E
=1E+ i2E.
The real refractive index n and extinction coefficient k
are given by
nE =  1E2 + 2E21/2 + 1E2 
1/2
, 5
kE =  1E2 + 2E21/2 − 1E2 
1/2
. 6
The absorption coefficient  and normal-incidence reflectiv-
ity R can be written as
E =
4	


kE , 7
RE =
nE − 12 + kE2
nE + 12 + kE2
, 8
where 
 is the wavelength of light in the vacuum.
Figures 2a and 2b show the real and imaginary parts
of the complex refractive index as a function of energy for
Cu2In4Se7 and CuGa3Se5 crystals, respectively. Figures 3a
and 3b show the spectral dependence of the absorption co-
efficient  and normal-incidence reflectivity R for Cu2In4Se7
and CuGa3Se5 crystals, respectively. The solid circles repre-
sent the experimental data; the solid line is the theoretical
dispersion calculated using Adachi’s model and APCSA al-
gorithm. A good agreement is observed for the samples stud-
ied and especially for G35B/B. All these spectra are found to
reveal distinct structures at the CP’s in the BZ. It is worth
mentioning that the studied samples show a small absorption
tail below the fundamental gap edge. The tail may result
from defects and grain boundary in polycrystalline material
and/or deviation from stoichiometry.18
The obtained values of the interband CP parameters
strength, threshold energy and broadening are given in
Table II. It is worth mentioning that the broadening factor
decreases as the gallium concentration Ga/Cu decreases
Table II. This result following to Ref. 20, where a similar
TABLE II. Model parameter values.
Samples
Parameter G35B/B G35T/B I247/B
A eV1.5 7.71 7.9 5.15
E0 eV 1.85 1.88a 1.86 1.88 1.125 1.15
 eV 0.057 0.049 0.03
B1A 2.33 2.42 2.38
E1A eV 2.89 2.87 2.9 2.94 2.55 2.60
1A eV 0.31 0.305 0.31
B1B 3.59 3.31 3.28
E1B eV 4.14 3.97 4.12 3.94 4.01
1B eV 0.75 0.61 0.73
a 0.54 0.72 0.88
error 1 2 1 2 1 2
1.2% 3.8% 0.9% 4.1% 1.5% 3.2%
aValues of E0 and E1 calculated by fitting the numerically differentiated
experimental spectrum to analytical line shapes are in brackets.
FIG. 2. Spectral dependence of the real refraction index n and the extension
coefficient k for a Cu2In4Se7 I247/B and b CuGa3Se5 G35B/B and
G35T/B crystals.
FIG. 3. Spectral dependence of the absorption coefficient  and normal-
incidence reflectivity R for a Cu2In4Se7 I247/B and b CuGa3Se5
G35B/B and G35T/B crystals.
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effect has been observed in CuInSe2 and GaAs indicates that
the characteristic structures of dielectric function of
CuGa3Se5 crystals slowly vanish as the concentration of gal-
lium increases.
The experimental n data are analyzed using a simple
theoretical model, namely, the first-order Sellmeier
equation,15
n2
 = A +

2

2 − B
, 9
where A and B are the fitting parameters. The solid line in
Fig. 4 shows the fitted result of Eq. 9 to the experimental
data. Values of the fitting parameters A, B are equal to 6.6,
0.61 and 6.23, 0.285 for CuIn3Se5 and CuGa3Se5, respec-
tively. As 
→, the electronic contribution to the dielectric
function approaches a limiting value , the high-frequency
dielectric constant. The value of  which is equal to 
=n2 
→=A+1 is about 7.6 and 7.2 for Cu2In4Se7 and
CuGa3Se5, respectively. The  values reported for CuInSe2
and CuGaSe2 are about 6–6.9 and 4.2–5.1, respectively.21
Therefore, the  values for CuGa/In3Se5 OVC are higher
than those for the CuGa/InSe2 chalcopyrites. This is espe-
cially for the case of the Ga-based compound.
We have analyzed the SE data for Cu2In4Se7 and
CuGa3Se5. Zhang et al.22 reported the existence of ordered
defect compounds CuM3Se8, CuM5Se8, Cu3M7Se12, and
Cu3M5Se9 with M =In or Ga. The EDAX data in Table I
suggest that the present G35 crystals may also be
Cu3Ga7Se12. We concluded that the Ga-based compound is
CuGa3Se5 taking into account both the EDAX data and the
structural data and the Eg data. No possibility to compare our
data with Cu3Ga7Se12. Neither the structural nor the Eg data
are available at present for Cu3Ga7Se12.
IV. CONCLUSIONS
Spectral dependence of the real part 1E and imaginary
part 2E of the pseudodielectric function E=1E
+ i2E as well as of the complex refractive index, extinc-
tion coefficient, absorption coefficient, and normal-incidence
reflectivity of Cu2In4Se7 and CuGa3Se5 crystals are modeled
in the 0.8–4.4 eV photon energy range using Adachi’s model
of optical properties of semiconductors and APCSA algo-
rithm. For the studied compounds, no previous attempts were
made to model the experimental data. The excellent agree-
ment with experimental data is obtained over the entire range
of photon energy. Model parameters strength, threshold en-
ergy, and broadening are determined using the APCSA
method. The values of the lowest direct gap E0 and higher
energy CP’s are in a good agreement with those obtained
from the numerically differentiated experimental spectra of
E. The present results offer a valuable set of data for
Cu2In4Se7 and CuGa3Se5 that can be useful for the design of
solar cells based on these compounds.
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